Mouse teratocarcinoma cells induced to differentiate in vitro undergo a massive (30%) demethylation of DNA. A similar undermethylation is also observed in the mouse extraembryonic membranes, the yolk sac and placenta. In both cases, the decrease in methyl moieties occurs at a large number of CpG sites spread out over the entire genome, as indicated by a restriction enzyme analysis of several mouse genes including dhfr, 13-major globin, and the H-2K gene family. In contrast to this, the embryo itself appears to undergo methylation de novo during early stages of embryogenesis. Thus, as opposed to somatic cells, events during early mouse development are associated with wide variations in the level of DNA methylation. Although these changes in DNA methylation seem to be an integral part of the differentiation process, its relation to specific gene expression is still unclear.
Many recent studies strongly suggest that the pattern of DNA methylation in specific gene regions may be correlated with their activity state, implying that DNA modification may play a role in the process of gene regulation during differentiation (1) . The fact that the pattern of methylation is not identical in every tissue of the organism indicates that changes in the methylation pattern must occur during the normal development process. To study these possible changes in detail, we have turned to an in vitro cell system that mimics certain aspects of mouse development. When the teratocarcinoma clonal stem cell line F9 (2, 3) is treated with low concentrations of retinoic acid, the cells undergo an induction process that closely resembles the formation of primitive endoderm in the mouse embryo (4) . In addition to the morphological changes associated with this in vitro induction, many gene markers are either induced or repressed in a reproducible way that may reflect specific changes that occur in the natural formation of primitive endoderm cells (3) . To determine whether changes in the DNA methylation pattern play a role in this process, we investigated the overall variations in total cellular DNA methylation and the changes in methylation at restriction enzyme sites within specific genes in mouse teratocarcinoma cells. On induction with retinoic acid, these cells undergo a massive (25-30%) decrease in the extent of DNA methylation, and this demethylation can be observed at specific sites in various representative mouse genes. This phenomenon mimics events that occur in vivo in the developmental process of extraembryonic tissue. Thus, the extent of DNA methylation in the mouse yolk sac and placenta, which are both partially derived from primitive endoderm, was significantly lower than that found in sperm DNA. These results suggest that extensive regions of the genome undergo changes in their DNA The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. methylation pattern, and these variations may be important in the developmental process.
MATERIALS AND METHODS
Cell Culture and Induction of Cell Differentiation. Several subclones of F9 and OTT6050 mouse teratocarcinoma cells were obtained from R. Axel and F. Jacob and grown in RPMI medium supplemented with 10% fetal calf serum. NIH 3T3 cells and mouse L-cells were maintained in Dulbecco's modified Eagle's medium containing 10% (vol/vol) calf serum. F-9 cells, grown on plastic plates coated with 0.1% gelatin, were induced to differentiate using 0.5 uM retinoic acid (Sigma) diluted from a 3.3 mM solution freshly dissolved in dimethyl sulfoxide. In long-term experiments, the medium including the retinoic acid was changed every 2 or 3 days. OTT 6050 cells were grown in RPMI medium and induced by addition of 5 mM hexamethylenebisacetamide (Aldrich) to the medium.
Isolation of DNA and RNA. A pBR322 plasmid containing the cDNA of the mouse dihydrofolate reductase gene (dhfr) (5) was obtained from R. Axel. A recombinant cosmid H8 containing the major histocompatability gene H-2Kb and a pBR322 plasmid containing the cDNA of this gene were provided by R. Flavell (6) . The plasmid pMB9 ,B G2 containing a 7-kilobase (kb) EcoRI fragment of the mouse /3-major globin gene (7) was provided by H. Aviv. Plasmid DNA was prepared by the method of Clewell (8) . DNA from C3HeB mouse tissue, cell cultures, and extraembryonic membranes was purified as described (9) . Mouse sperm was derived from the vas deferens and lysed by treatment with NaDodSO4 and mercaptoethanol (10) . RNA from F-9 cell lines was isolated by guanidine thiocyanate extraction and purified by centrifugation through a cesium chloride cushion (11) . The degree of methylation of CpG-containing sequences has been determined by an extension of the standard nearest-neighbor analysis (12) .
RESULTS
Because practically all methyl moieties in DNA of eukaryotic organisms are found in the dinucleotide sequence CpG (13) , an easy way of measuring the extent of methylation is to label the 3' end of the nicked DNA with radioactive dGTP and do a standard nearest-neighbor analysis (12) . Using this method, it was possible to study the overall extent of DNA methylation in teratocarcinoma cells (Table 1) . When these cells were treated for a period of time with retinoic acid they underwent a continuous and massive demethylation such that after 13 days of treatment, "30% of the original DNA methyl moieties had been lost. This change seems to be an integral part of the differentiation process, since it occurred in several subclones of F9 teratocarcinoma cells that were Abbreviation: kb, kilobase(s). should be noted that both of these cell types have been shown to have the retinoic acid-binding protein (16) . This extensive demethylation could be accounted for by total demethylation at selected CpG residues or by a partial demethylation at a large number of methylatable sites. Analysis of the methylation state of C-C-G-G sites in specific genes should help determine the nature of this process. To this end, several gene sequences in the mouse genome, /& globin, dhfr, and the H-2 family, were studied by blot hybridization analysis using the isoschizomers Msp I and Hpa II.
As shown in Fig. 1 , the induction of F9 cells with retinoic acid is accompanied by obvious demethylation events within the gene sequences of dhfr and P-globin.
Because the sequences encoding the structural portion of the mouse P-globin gene contain no C-C-G-G sequences, this entire region is included in a 4.0-kb Msp I fragment. These flanking C-C-G-G sites are heavily methylated in uninduced teratocarcinoma cells as well as in various tissues and in sperm DNA. After induction, some of these sites undergo demethylation, resulting in the appearance of the characteristic 4.0-kb fragment after cleavage with Hpa II. Although this fragment represents only =10% of the DNA, it should be noted that the formation of this fragment requires two possibly independent demethylation events, suggesting that the degree of demethylation at each flanking site is of the order of 25-30%.
The dhfr gene encompasses a large 31-kb region and includes numerous introns and exons (18) . When mouse DNA is digested with EcoRI and hybridized to a cDNA probe, four prominent bands, representing various regions of the gene, are observed. Most of these regions, covering >30 kb, are 100% methylated at all C-C-G-G (Hpa II) and G-C-G-C (Hha I) sites, except for the 5' region represented by the 3.5-kb EcoRI fragment, which is undermethylated in all mouse tissues (19) . Although this same characteristic pattern is also observed in uninduced F9 cells, a considerable degree of un- Using a cloned H-2Kb cDNA as a probe, it is possible to visualize a portion of the H-2 gene family by blot hybridization. Analysis of these genes using Msp I and Hpa II shows that the methylation pattern after induction is similar to that before treatment with retinoic acid. It is possible that some demethylation has occurred in this system (20) but that these changes are too small to be observed with the resolution afforded by our analysis. The methylation pattern of the H-2 gene family in teratocarcinoma cells is particularly interesting in light of the fact that the class I histocompatability genes (including H-2K) undergo induction in this system (21) , and this induction is thought to be regulated at the level of transcription (22, 23) . Although the hybridization probe used in these experiments was derived from the specific H-2K gene region, extensive cross-hybridization with other members of this gene family reveals many other fragments (24) . In fact, most of the hybridizable material seen in Fig. 1 does not correspond to the H-2K gene. Digestion of a plasmid containing genomic sequences yields many Msp I fragments, the largest of which is only 500 base pairs (data not shown). The C-C-G-G sites that produce this fragment appear to be undermethylated in uninduced F9 cells and do not undergo any observable change after induction (Fig. la, low- est band).
The fact that the demethylation events observed in these genes were so widespread suggested that demethylation may occur at a large number of CpG sites. This type of process has not previously been observed in vivo in the development of adult mouse tissues. The dhfr gene has, in fact, been shown to be heavily methylated in all mouse tissues and in sperm (19) , yet this gene underwent considerable demethylation after retinoic acid treatment. Because the teratocarcinoma cell system appears to mimic the conversion of undifferentiated cells to primitive endoderm, it was of interest to look at the methylation aspects of this process in vivo. The (25) and contributes to the formation of the mature placenta. To determine whether this tissue underwent demethylation during its formation, the degree of methylation of yolk sac DNA was compared to that for other mouse tissues. As can be seen in Table 2 , the yolk sac and placenta have the lowest level of methylation of any tissue.
It was of interest to characterize the in vivo demethylation occurring during the formation of the yolk sac. To this end, specific genes in yolk sac DNA were studied by blot hybridization analysis (Fig. 2) . All three genes investigated in this study were found to be undermethylated in comparison to sperm DNA or DNA from other mouse tissues. Thus, although the entire 3' end of the dhfr gene is heavily methylated in all tissues and in sperm DNA, this gene was significantly undermethylated in yolk sac (Fig. 2 ) and placenta DNA (data not shown). The unique C-C-G-G site at the 3' end of II. This site, however, is 100% methylated in sperm and liver DNA. Considerable undermethylation was also observed for the H2 gene family in extraembryonic tissues. While this undermethylation was much more extensive than that observed in the teratocarcinoma system, it should be noted that this gene family is relatively undermethylated even in preinduced teratocarcinoma cells. It is not unusual that certain genes are less methylated in established cell lines (26) as compared to tissue DNA. Thus, these genes may have already undergone some demethylation prior to induction and therefore undergo only minor changes as a result of the retinoic acid treatment.
In summary, the extensive demethylation process that occurs in vitro in induced teratocarcinoma cells appears to mimic both quantitatively and qualitatively a similar process that takes place in vivo during the development of the extraembryonic tissues.
DISCUSSION
Analysis of tissue-specific genes in various organisms indicated that the pattern of methylation of these genes may be modified during differentiation. In some cases, a comparison of methylation of these genes in various tissues revealed that active genes are undermethylated in the tissue of expression while being heavily methylated in sperm DNA (27) (28) (29) (30) ; this suggests that specific sequences undergo demethylation during development. In other cases, however, satellite sequences were shown to be more methylated in certain somatic tissues than in sperm (31, 32) . Furthermore, many genes, including those with housekeeping functions, appear to have a pattern of methylation that is identical in all tissues and in sperm DNA (19) .
The results of the experiments described in this paper show that the alterations in the methylation pattern that occur during development may be more massive than previously thought. Teratocarcinoma cells induced to differentiate in vitro lose -30% of their DNA methyl moieties after treatment with retinoic acid for 8-13 days. Most interestingly, the same massive undermethylation is observed in vivo in placenta and in yolk sac-endoderm cells. This same phenomenon has also been described in early rabbit trophoblasts (33) . Determinations of the extent of methylation of CpGs in DNA, as reported in this paper, are not sufficient to conclude that this in vivo undermethylation is indeed the result of a demethylation process. Although the fact that yolk sac DNA is undermethylated with respect to sperm DNA strongly suggests that the final state is reached by demethylation, it cannot be ruled out that oocyte DNA is highly undermethylated, resulting in a low level of methylation in all of the early embryonic cells. Some evidence suggests that the level of methylation in Xenopus oocytes is similar to that for sperm DNA (34) . Since teratocarcinoma cells do undergo demethylation in response to specific inducers, and since these cells seem to mimic in many other respects the formation of primitive endoderm cells, it is a reasonable assumption that the yolk sac and placenta undermethylation reflect some form of a demethylation process. It should be kept in mind that as much as 50%o of the methyl moieties in mouse cells may be located in satellite sequences (35, 36) . Thus, changes either in the number of satellite copies or in their methylation state could account for some variations in the total methylation content. The assay used in this study, which measures the extent of CpG methylation and not the amount of methyl moieties, should minimize the effects of satellite DNA. Furthermore, the fact that demethylation occurred at specific sites in individual genes argues against this possibility.
From the data presented in this paper, it is difficult to determine whether the demethylation observed in induced teratocarcinoma cells and in the extraembryonic cells in vivo is localized to specific regions of the genome. Analysis of many C-C-G-G sites in several different gene sequences suggests that the 25-30% overall demethylation can be accounted for by a partial demethylation of numerous sites in the genome. Had the demethylation process been specific for certain sites, we should have obtained total demethylation of some sites while other sites would have remained 100% methylated.
This does not imply that demethylation in either of these systems is random, since certain sites might undergo the change more frequently than others, as is the case with 5-azacytidine-induced demethylation (17) . An alternative explanation of these results is that specific demethylation events occur in certain cell subpopulations, thus giving a picture of partial demethylation at individual sites. While this is a possible explanation for the changes observed in vivo, it does not appear likely that induction of teratocarcinoma cells yields various subtypes. We estimate that teratocarcinoma cells go through 6 or 7 divisions during the induction process, lasting 8 days (unpublished results). If retinoic acid treatment were to cause specific demethylation at a small number of selective sites, one would expect the demethylation to occur over a short time span encompassing 2 or 3 cell divisions. During this short time period, the overwhelming majority of colls in culture appear morphologically differentiated. The picture that emerges from our studies is one in which there is a small amount of widely distributed demethylation events occurring in each generation. Since each demethylation event is probably inherited by daughter cells by means of the maintenance methylase (13) , these occurrences will be cumulative, and each division in the presence of retinoic acid will further decrease the total methylation content of the cell. The kinetics shown in Table 1 are consistent with this model.
The significance of this massive demethylation that occurs both in teratocarcinoma cells as well as in the development of extraembryonic tissues is not clear. From our experiments, it is difficult to determine whether these changes are associated with alterations in gene expression. The dhfr gene, for example, is transcribed constitutively in teratocarcinoma cells before and after induction, yet this gene undergoes a partial demethylation. The ff3globin gene, which is presumably not expressed in this system, also underwent a similar degree of demethylation. Furthermore, it has already been shown that the entire human 3-globin like gene cluster is very undermethylated in human placenta, despite the absence of globin gene expression in this tissue (28) . On the other hand, a-fetoprotein is induced in teratocarcinoma cells and is also expressed in visceral yolk sac endoderm (2).
These changes in gene expression are indeed correlated with alterations in the methylation pattern of this gene (37) , but the significance of this modification is questionable in light of the massive background undermethylation.
The massive demethylation observed in these systems is very similar to that observed in transformed cells and in certain tumors. In a survey of 14 different tumor or tumorogenic cell lines, the level of methylation was found to be considerably decreased as compared to normal control cells (1) , and certain carcinogenic agents have in fact been shown to inhibit DNA methylation in vivo (38) . Furthermore, several human tumors were partially undermethylated at a large number of sites in individual genes (39 (31, 32) and has been suggested as the mechanism for X chromosome inactivation (40) (41) (42) (43) . Furthermore, when preimplantation embryos are infected with murine leukemia virus, the integrated copies of the viral genome become highly methylated (44) , and this phenomenon of de novo methylation has also been observed for sequences injected into mouse zygotes (45) or transfected into teratocarcinoma cells (46) (47) (48) . Thus, the picture of the metabolism of DNA methylation suggests that while the pattern of methylation may be relatively stable in somatic cells, there are large variations in this pattern occurring during early stages of development. It is these changes that may be involved in the differentiation process itself.
Note Added in Proof. Since submission of this manuscript it has been shown that several mouse repeated sequences are also undermethylated in extraembryonic tissues (49) . Recently it was demonstrated that one Hpa II site in the region of the mouse H-2Kb gene undergoes de novo methylation following the induction of F9 cells (50) . This small change would not have been detected with the probes used in this study.
